Abstract. As part of a series of investigations on the production of sequences of unvoiced sounds in different languages, the current experiment was conducted using the combined techniques of photoelectric glottography, fiberoptic filming and laryngeal electromyography. Particular attention was paid to devoiced vowel production in various voiceless consonantal environments including geminates. The data show that the glottal opening gesture during a voiceless sequence containing a devoiced vowel is characterized by a uni-modal pattern, unless the vowel occurs between a voiceless fricative and a geminated one, as in /siQs/, where a bimodal pattern may occur. The movement resul ts al so suggest that the velocity and si ze of the glottal opening gesture vary according to the nature of the adjacent voiceless obstruents: The speed of the opening phase is slow when a stop precedes the vowel, and fast when a fricative precedes it. The peak glottal opening attained during the devoiced vowel is larger when a fricative ei ther precedes or follows than when the vowel is surrounded on both sides by single or geminated stops. Furthermore, it is revealed that the peak velocity of the initial opening gesture occurs at almost the same time in relation to the voicing offset of the preceding vowel, regardless of the properties of the surrounding voiceless obstruents and, thus, irrespective of variations in the magnitude of velocity and opening size.
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A voiceless obstruent specified or frication noise tends to require a of the Acoustical separate opening gesture, while an unaspirated stop in a voiceless environment can be produced within the opening gesture attributed to an adjacent aspirated stop or fricative. For example, an I skll ski sequence in English was produced in most cases wi th two separate opening gestures.
In contrast, an I sksllkl string was in general accompanied by three opening gestures (Yoshioka et al., 1979) .
Furthermore, the velocity of the ini tial opening movement was shown to vary depending on the properties of the initial voiceless segment: When the first unvoiced segment in the cluster was a fricative, the speed of the movement was ficantly faster than when the ini tial voiceless sound was an aspirated or stop, regardless of the nature of the voiceless This also meant that the difference in velocity dur the ini tial abduction held true despi te the fact that, for most clusters beginning wi th a voiceless unaspirated stop peak glottal opening occurred during a following fricative segment.
In order to examine the of these notions across different the current carried out the same combined techniques of , fiberoptic filming and laryngeal electromyography, in cooperation wi th a native speaker of Japanese.
The of Japanese does not allow voiceless upureu obstruent clusters other than geminates Syllable-final obstruents also rarely occur in this language. On the other hand, in conversational speech of the Tokyo dialect there is a well-known phenomenon of vowel devoicing in that a high vowel, such as Iii and lui, surrounded by voiceless obstruents on both sides is often produced wi thout any vocal fold vibrations the vowel segment (e g., Hattori, 1 "1, Han, 1 imura, 1971; Sawashima, 1973) • Therefore, we paid attention to devoiced vowel production in various voiceless consoenvironments were simul taneous recordc filming and electroas The interference voltages of the EMG signals, after high-pass filtering at 80 Hz, were recorded on a multichannel FM recorder together with the audio signal $ After full-wave rectification and integration over a 5-msec time window, the action potentials were fed into a computer at a sampling rate of 200 Hz for further processing to obtain the muscle acti vi ty patterns for ensemble-averaged tokens wi th a 35-msec time constant (Kewley-Port, 1977) . The figures to be presented in this paper represent activity patterns aligned wi th reference to the voicing offset of the vowel preceding the voiceless sequence.
For the movement data, the glottal view through a flexible laryngeal fiberscope (Olympus VF-O type, 4.5 mm in outer diameter) was photographed with a cine camera at a rate of 60 framesl sec.
A synchroni zation signal was registered on the FM recorder to identify each frame. Then, frame by frame analyses were made wi th the aid of a mini-computer to calculate the distance between the vocal processes; this distance is considered one of the indicators of glottal width (Sawashima & Hirose, 1968; Sawashima, 1976) .
A cold DC light source (Olympus CLS) , providing illumination of the upper glottal area, also served as the light source for the photo-electric glottography. The amount of light passing through the glottis was sensed by a phototransistor (Philips BPX 81) placed on the neck just below the lower edge of the cricoid cartilage. The electrical output was recorded on another channel of the FM tape. These signals were sampled at 200 Hz and processed on the computer A native male speaker of the Tokyo dialect, one of the authors, served as the sUbject. Among the various voiceless environments surrounding a devoiceable vowel Iii, the combination of lsi and Ikl is optimum in forming the possible number of meaningful words in Japanese Therefore, as is shown in Table 1 , we chose the test words that contain a devoiceable vowel Iii in the middle of voiceless obstruents composed of the phonemes I sl and Ik/. For example, the production of the first word in this list ,/kikee/, which means "anomaly" in Japanese, may be transcribed as having an unvoiced string
For the first 2-3 tions of each test word, embedded in the frame sentence "sorewa ------desu, VI ntie call i t " simul taneous recordings of EMG, photo-electric output and fiberoptic filming were made together with the audio signals, followed by 14-28 additional recordings of only EMG and photoelectric s. Dur the latter of the session, the glottal image was constantly monitored the fiberoptic viewfinder Such careful is to obtain reliable of amounts of as we have discussed elsewhere (Yoshioka et . . Figure . Averaged glottograms, peA activity patterns and audio envelope curves for the test sentence containing the test word /siQsee/. 28 devoiced tokens (left), and 2 voiced tokens (right), respectively.
the photo-electric glottograms as an index of glottal width change during the pertinent voiceless sequence productions. Here, the top row (GW) represents the averaged glottograms for two allophonic groups: One is devoiced, and the other is voiced. Among the 30 repeti tions, 28 tokens were produced wi th devoiced vowels, while only two of them had fully voiced vowels. These variations were detectable in audio waveforms, in sound spectrograms and by listening to the recorded tape.
As for EMG, the Figure contains the corresponding activ of the abductor muscle--the posterior cricoarytenoid muscle (PCA)--that has been demonstrated to substantially control glottal aperture (Hirose, 1976 " Yoshioka, 1979 ). These signals were aligned wi th respect to the offset of the preceding vowel It is obvious that when it is uttered with a fully voiced vowel, two clear separate glottal es are found for the IsiOsl production at both the movement and the electromyographic levels. In contrast, the averaged curves for the devoiced group is a little unclear. The abductor muscle (PCA) acti vi ty curve in the middle may be characteri zed by two opening gestures: The first is associated with a high and steep peak, followed by a second that is broad but of moderate level. It is evident that all the glottographic curves are characterized by a uni-modal pattern.
In addi tion, and more interestingly, the differe.nce in the slopes during the initial opening phase depends on the phonetic of the initial segments: When a voiceless fricative precedes the devoiced vowel, the opening movement is faster than when a voiceless stop the vowel. Furthermore, peak opening during these devoiced sequences coincides approximately wi th the ampli tude of the audio env during the devoiced vowel segments. As for the EMG s, the noise level is too high for a detailed discussion Nevertheless, it may be mentioned that the peak peA acti vi ty for these utterance , as well as for the others mentioned above, occurs around the point, i.e., at the voicing offset of the ing vowel, of utterance words In other or two , it seems than for that the curve has of the i e., those for the lsi group is un before As for the for the solid lines of the Ik/ group. 1~II"' e 6. Superimposed curves of the averaged glottograms for all the test voiceless sequences.
Superimposed curves of the first derivative of the grams for all the test voiceless sequences.
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DISCUSSION
There are several experiments directed towards understanding the laryngeal adjustments during Japanese voiceless sequence production at both movement and electromyographic levels.
For example, Sawashima (1969) showed photoelectric glottograms for single tokens using two native of the Tokyo dialect. According to the data, when the devoiced vowel occurred between two voiceless fricatives, the glottographic tended to be characterized by a slight depression in the middle of the curve for one sUbject, while the other subject showed a single peaked pattern even in fricative environments. In a later study using fiberoptic filming (Sawashima, 1971 ), a more comprehensive examination was made, including combinations such as /kis/ and /kik/, which were also used in the present He concluded that the fiberoptic data for these voiceless sequences were all characterized by a curve, although the utterance list did not contain an example of a devoiced vowel surrounded on both sides by voiceless single and/or geminated fricati ves. Recently, Sawashima and his colleagues have reported on simul taneous fiberoptic and electromyographic recordings for single tokens, sho\'\ling two peaked pattern during /siQs/ sequence production for two sub (Sawashima, Hirose, & Yoshioka, 1978) .
The present results, although limited to a single SUbject and presented as ensemble-averages, appear to be ly in good wi th these previous works: When the devoiced vowel occurs between a voiceless fricative and a geminated one, such as /siQs/, the glottal opening may be characterized by a bimodal or at least
In contrast all the other glottal voiceless sequence are characteri zed by a rather
Of cour se, it should be taken into consideration these findings might reflect fic and/or g , Sawashima, 1 ) Nev it is always found, and also other studies of voiceless fricative environment, the one seems to two
In addition the current data also reveal the detailed stics of the averaged photo-electric the of the abduction gesture on the phonetic nature of the segments~fuen the voiceless sequence contains a voiceless fricative /s/, the value of the opening is larger than that for the one wi thout a fricative Furthermore the the di and fricative initial groups s almost fixed across two line-up point was determined as the vOIcIng offset of the preceding vowel regardless of the nature of the initial voiceless segment. In considering the fact that the glottis is usually slightly open at this moment, in particular when the ini tial segment is a voiceless fricative, peak velocity for the fricti ve ini tial group might occur a little later than that for the stop group, if the beginning of the opening movement, defined as the inflection point in the movement curve, was chosen as the line-up point.
These results, in conjunction with other studies of ours using different languages mentioned above, may be interpreted in several ways.
From a phonetic viewpoint, the faster and larger opening for a voiceless fricative may be related to the necessary supply of air during the voiceless fricative segment to produce adequate turbulent noise by a quick reduction of laryngeal resistance.
On the other hand, in order to stop glottal vibrations at the implosion of a voiceless stop and assist in the buildup of oral pressure, a slight opening gesture may be sufficient in combination with the the closing gesture of oral articulators. As for the fixed timing of the peak abduction velocity across different phonetic sequences, the interpretation seems open. From a physiological aspect, however, it is possible that this fixed timing reflects a basic nature of the voluntary movement control of the glottis particularly in relation to oral gestures:
It could be that the timing of velocity is physiologically constrained, while the magnitude of velocity and displacement are adjusted wi thin such a temporal framework to meet various phonetic requirements. , 1 849.
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